Abstract
Introduction
The use of steel fibre-reinforced concrete for foundations or industrial floors is a typical example. In these cases, the design encompasses many input parameters that significantly influence the results. The basic requirements to optimize the design include in particular a detailed understanding of the properties of the materials used. This is especially important in the case of complex design situations and the use of advanced numerical simulations. In these cases, it is necessary to describe the material properties in a comprehensive manner. A typical case is fibre-reinforced concrete. Fibre-reinforced concrete exists in a number of variants which differ in the materials used and the shape of fibres [1] , [2] , [3] . Well-known recommendations and standards for the use of steel fibre-reinforced concrete include RILEM [4] , DafStB [5] and Model Code 2010 [6] . The properties of steel fibre-reinforced concrete are proven particularly during laboratory tests [7] , [8] , [9] , [10] , and [11] . The sensitive material properties of steel fibre include, in particular, the fibre strength of concrete in uniaxial tensile force, fracture energy and the working diagram. A number of authors have devoted themselves to determining the material properties [12] , [13] , especially tensile strength [14] , [15] , [16] , [17] and [18] . Their testing, however, is difficult and often leads to a variance of measured values [19] and [20] . Common problems include the fact that experimental programmes and testing focus on the properties and testing of the selected material [21] . This hinders the creation of advanced material models for the numerical simulation of the actual behaviour. This is especially the case of nonlinear analysis and the finite element method which requires a detailed computing model and a more comprehensive description of the actual material behaviour. During plane and space problems, a general state of stress emerges. It is also necessary to describe and model the damaged material. This is used to describe concrete fracture mechanics [22] . The juxtaposition of specialized tests often creates questions, thus comprising the research space for a more comprehensive description of the material properties.
With regard to the research project and the goal of a comprehensive description of the material properties of steel fibre-reinforced concrete and the subsequent advanced modelling of the nonlinear behaviour of real concrete structures, the experimental programme was split into four parts which differed in degrees of concrete reinforcement from 0 to 3%. The default matrix of steel fibre-reinforced concrete is composed of C25/30 XC2 S3 concrete [6] and steel fibres Dramix 3D 65/60 BG [23] .
The experimental programme also included real concrete slabs in situ tests on specialized test equipment [24] . Specifically it was a special kit for testing concrete slabs in interaction with the ground. It allows testing slabs up to 2×2 metres (4m 2 ) in size. The slab load is configurable and can go up to 1000 kN. For the case of the experimental programme the slab has the size of 2×2 m, and is loaded at the middle point. The load distributing area has the size of 400×400 mm. The presented test programme was conducted during 2016.
The actual functionality of the test set has been verified by a number of experiments which focused, however, on different research. For example, classic reinforced or pre-stressed concrete slabs and the modelling of subsoil [25] and [26] .
Methodology and procedures 2.1 Fibre materials and concrete mix
Concerning the choice of a fibre for the concrete, there are many possibilities. Fibres differ primarily in the material and shape used. Based on market research and availability, the type of wire chosen was Dramix 3D 65/60 BG [23] , which is one of the most frequently found in the Czech Republic at concrete mixing plants and plants manufacturing concrete elements. However, the chosen type is used worldwide (Europe, Brazil, China, Turkey, Indonesia). The basic material properties are summarized in Table 1 . The shape of the fibre is shown in Fig. 1 .
The selection of the concrete mixture was based on the classes, and the concrete classification according to Eurocodes. With regard to the possibility of workability and representation in the production of concrete mixing plants, concrete C25 / 30 XC2 S3 was chosen in accordance with the classification [6] . The detailed properties are summarized in Table 2 . The maximum grain of the concrete mixture was 16 mm and the water-cement ratio of 0.6. Portland cement 42.5 MPa (CEM I 42.5 R) was used for the concrete. The concrete also contains plasticizer Stacheplast. The concrete was produced in the concrete mixing plant in the mixing tower Stetter and subsequently transported by a truck concrete mixer to the place of the preparation of the concrete slabs and samples shown in Fig. 2 . 
Ground conditions
With respect to the in situ concrete test, a verification of field and soil conditions was performed at the site of placement of the concrete slabs. Simultaneously, soil homogenization was also carried out to the depth of 1 m to achieve appropriate stress-deformational characteristics [26] . Based on the classification, the soil was classified as loamy-clayey. The standard Eurocode 7 was used for the classification. The basic measured values of the soil elasticity module are E def,1 = 6.8 MPa and E def,2 = 12.5 MPa.
Placing the testing concrete
The concrete mixture was produced in a specialized plant where the fibres had already been put in the concrete mixture. After transporting to the site, the concrete mixture was manually put into the formwork. Continually, the concrete mixture was also sampled for the production of laboratory samples (cubes, cylinders and beams). The concrete mixture was subsequently compacted with surface vibrators. For the verification purposes of the qualitative properties of the concrete, inspection tests of the concrete cube strength were conducted during the curing of the concrete. The evaluation of the laboratory tests was conducted on a set of laboratory presses from the company BETONTECH and DS. For testing the concrete slabs in situ, a measuring set from the company ALBORN was used in combination with a hydraulic frame. The entire set was synchronized during loading. For the purpose of evaluating deformations a total of 16 displacement sensors were used. The location of the track sensors is shown in Fig. 4 . 
Test results

Properties of fresh concrete
The test programme included eight different configurations of laboratory tests and the testing of concrete slabs. To verify the development of the quality and the strength of the concrete during curing, continuous tests of cube strength were also carried out. The results are summarized in Table 3 . The results show a significant increase in the initial strength in the first fourteen days of concrete curing. This is in line with the used cement CEM I 42.5 R. Before the laboratory testing, a visual checking of the quality of the samples was also carried out, especially the formation of cracks which had not been detected.
Concrete compressive strength
Concrete compressive strength is one of the basic essential determined characteristics of concrete. The two most common dimension variants of the sample cubes and cylinders were prepared for laboratory tests. For a wider evaluation possibility, 6 cubes and 3 cylinders were produced for each of the four test series. To complement and verify the relation the conversion coefficient is determined
The test results of compressive strength are summarized in Table 4 . The results show that in both types of samples (cubes, cylinders), the compressive strength is greater in the samples with fibres than in plain concrete. The increase in compressive strength does not depend explicitly only on the degree of reinforcement. The fibre positioning also has effect in a particular way. This is also evident with regard to the density of concrete and the analysis of the damaged samples. Similar results for the compressive strength of concrete when there is no clear dependency on the degree of reinforcement may be found in [27] .
After the evaluation of the compressive strength conversion factor the value of 0.83 was obtained. The actual dispersion of factor values was from 0.79 to 0.89. The values are summarized in Table 5 .
Split cube test -Tensile strength
The actual effect of fibre reinforcement becomes especially evident in the case of tensile strength and flexural tensile strength. There are a number of possibilities to determine the tensile strength. Within the experimental programme, the test of transverse tensile strength on cubes defined in ČSN EN 12390-6 [28] was used.
In the present work, the tensile strength in the transverse direction was calculated as follows:
where Pmax is the maximum load, l is the length of the contact line of the body, and d is the selected transverse dimension of the body.
The final evaluation of the tests in transverse strength is given in Table 6 . The results of the laboratory tests show an obvious effect of the fibres on tensile strength. The tensile strength is significantly higher, typically by about 1 MPa. This is approximately 50%. The actual difference in tensile strength in the reinforced samples is, however, very small. The values of tensile strength range from 2.96 to 3.17 MPa.
Flexural tensile strength
The most important parameters determined for steel fibrereinforced concrete include flexural tensile strength [29] , [30] and [31] . The flexural tensile strength was determined on two types of beams. These were large beams with the cross section of 150 × 150 mm, and small ones with the cross section of 80 × 80 mm in Fig. 5 . The flexural tensile strength specified for the selected type of a notched beam was determined according to other researchers [31] and [32] . In the present work it was calculated using the following equation:
where P max is the maximum load; L, b and h are the span, width and depth of the beam; a 0 is the notch depth.
In the test results of the notched beams in Table 7 and 8, there is an evident significant influence of fibres in both variants on the maximum flexural tensile strength. The beams with the cross section of 150 x 150 mm have maximum values of flexural tensile strength ranging from 1.935 MPa to 3.251 MPa. In smaller beams with the 80 x 80 mm cross section, the value is 19.80 to 25.81 MPa.
In both tests, it was determined that the greater the content of fibres, the higher the flexural tensile strength was achieved. 
Flexural tests results
The important results of the laboratory tests include the results of the load displacement (LD) diagrams of the large beams. From these records it is possible to evaluate other important parameters necessary for the design and analysis of steel fibre-reinforced concrete structures. Within the experimental programme, especially the maximum load strength and the fracture energy were evaluated. The fracture energy is one of the basic parameters of advanced analyses which describe the capability of concrete to withstand the load, depending on its strain deformation characteristics. The area of the determination of the perameters of fracture mechanics encompasses the full range of approaches. The fracture energy is defined as the amount of energy necessary to create a crack of the unit surface area projected in a plane parallel to the crack direction [10] , [33] , [34] and [35] . The calculation can be described as follows:
where W 0 -area under the load-deflection curve, m -mass of the specimen, g -gravity, b, h -beam thickness and depth, δ -deflection at final fracture, a 0 -notch depth.
Ideally, the fracture energy is calculated for the complete process of loading. It is typical e.g. for plain concrete. But in the case of steel fibre-reinforced concrete, the post-peak phase of loading is often limited by the possibilities of measurement. During the advanced post-peak phase of load, the residual load carrying capacity usually remains for a long time. With regard to this, in the case of steel fibre-reinforced concrete only a
certain area is often defined. In the case of recommendation TDM-162 [8] it is 5 mm. The load and measuring sets used enabled a measuring deflection up to 8 mm. The actual evaluation of the fracture energy is therefore made for both deformation values, and a ratio coefficient is also established
Bending tests included four series. Each series consisted of four different reinforced beams. Each reinforced grade has two beams. The final LD diagrams for the three-point bending test with 150 × 150 × 700 mm beams are shown in Fig.  6 . The beams had a span of 600 mm. The notch depth was 50 mm. The final calculated values of the fracture energy are summarized in Table 9 . The curve of LD diagrams distinguishes the beams very well according to the degree of reinforcement.
The fibre-reinforced beams show that the pre-peak loading phase and the maximum load are very similar. In the case of the post-peak phase of loading, the sequence of the LD diagrams for each degree of beam reinforcement differs significantly. The values of fracture energy G f(5) for fiber concrete range from 1646 N/m to 2748 N/m.
Another type of beam had the dimensions of 150 × 150 × 600 mm. The beam was without a notch and again 8 tests were conducted. A three-point bending test was conducted. The beam span was 500 mm. In comparison with the previous type of test, the fracture localization was not made, ie. in the case of the notch, the fracture place was determined before the test. The final load diagrams are shown in Fig. 7 . The final calculated values of the fracture energy are summarized in Table 10 . The values of fracture energy G f(5) range from 1808 N/m to 3803 N/m. Again, beams 150 × 150 × 700 mm and 150 × 150 × 600 mm were used. In the case of the longer beams the beam span was 600 mm. Load forces act in thirds of the span. The final LD diagrams are shown in Fig. 8 and the fracture energy, in Table 11 . In the case of this test it is again possible to clearly distinguish the LD diagrams of the beams according to the degree of reinforcement.
Only in the case of one beam with the reinforcement of 2% were better results achieved than with beams with the reinforcement of 3% in the post-peak phase of loading. The values of fracture energy G f(5) range from 2332 N/m to 5178 N/m. The experimental programme continued with the four-point bending tests. In this type of testing, the possible area of crack origin localization is wider. Typically, it is between the applied forces. The last variant of four-point bending tests in Fig. 9 are beams 600 mm in length. The beam span in this test is 500 mm in this case. The distance of the pair of load forces is 150 mm. The final LD diagrams are shown in Fig. 10 and the fracture energy values are in Table 12 . The fracture energy values from the tests for G f(5) range from 2913 N/m to 5666 N/m.
Results of LD diagrams
A comprehensive set of laboratory bending tests enables a broader evaluation of LD diagrams and a determination of regression curves for the maximum load and the fracture energy. The aggregate values of the maximum load carrying capacity for bending tests are given in Table 13 . For the determination of regression curves it is evident that the maximum load and the fracture energy depend on the degree of reinforcement. For the determination of regression curves the linear relationship is assumed. In the case of the maximum load for a four-point test of a notched beam it is possible to write a regressive curve:
and for the beam without notch:
where F max is the maximum force in the beam without reinforcement and x is the mass of fibre per m 3 .
Fig. 11
Maximum load with respect to the fibre volume ratio (four-point 
The results are graphically shown in Fig. 11 . In both cases the correlation coefficient is greater than 0.96.
Based on these test results it is also possible to predict the fracture energy in Fig. 12 . The following functions can be written for the notched beam:
and for the beam without a notch: Similarly, it is also possible to determine the regression curves in Fig. 13 for the maximum load capacity in the threepoint bending test.
The regression curves determined for the notched beam are:
Based on these test results it is also possible to predict fracture energy in Fig. 14 . The following functions can be written as:
and for the beam without a notch:
Slab tests
In parallel with the laboratory tests the testing of concrete slabs was carried out at a specialized facility. As previously stated, before the testing of the concrete slabs a verification of strain-deformation properties of the soil was performed. The aim of the concrete slab tests was mainly to determine the load curve for the case of a real structure, a maximum load and the method of construction collapse.
During the load tests, in particular, a measurement of the vertical deformation was carried out by means of a set of 16 sensors and the load force was carried out by a hydraulic jack. The location of the sensors for each slab is shown in Fig. 15 .
The basic size of the concrete slab was 2 000 × 2 000 mm. The slab nominal thickness was 150 mm. The load spreading area has the dimensions of 400 × 400 mm. The loading of slabs proceeded in steps. One load step lasted 30 minutes. The load increment differed depending on the expected maximum load and the maximum length of 7 hours of testing. The length of the load step of 30 minutes was selected considering the load transfer increments through a hydraulic jack.
The first slab G01 was made from plain concrete. According to estimates, the lowest bearing capacity was reached in the case of slabs without reinforcement.
The test and records show that the first substantial change of stiffness and the first crack opening at the bottom surface occurred with the load of 67.5 kN after 1.5 hours. Furthermore, there was a gradual increase in load and crack growth from the bottom surface upwards. 
. 
The cracks can be located well, they have a vertical direction, and gradually open. Also, a typical phenomenon can be noted of the edges of the slab lifting. The resulting graphs for slab G01 of the loading course are shown in Fig. 16 . The evaluation of the deformation by the individual track sensors is shown in Fig. 17 . Another significant change in the behaviour of the slab during loading happens at the load of 248 kN after 5 hours and 30 minutes. In this loading step, there is a significant localization of concrete failure during load spreading over the slab.
A compression forming of the concrete occurs. The maximum stable load is 296 kN. Subsequently, the test was terminated. Upon further investigation of the damaged slab it was found that there was a significant compression forming of the slab. The disrupted area had an almost perpendicular shape. The following load tests were performed with steel fibrereinforced concrete. The second slab G02 was made from concrete containing 25 kg of fibre per m 3 . The selected load step was again 30 minutes. The load increment was approximately Fig. 15 Location of the track sensors in reinforced concrete slabs 75 kN. In this case, a significant change in bending stiffness occurred at 138 kN. Cracks appeared again at the bottom under the load and gradually spread to the outer edge. The damage of the concrete slab is again localized in two and three dominant cracks on each side of the slab. These cracks gradually opened during further loading. The flexural rigidity of the slab decreased very slowly. Another significant change in the deformation and the bending stiffness of the slab occurred at the load of 398 kN. Subsequently, a compression forming of the slab occurred from one side and the test was terminated. The maximum stable load was 478 kN. The loading and deformation curves are shown in Fig. 18 and 19 .
The following load tests were performed with a slab G03 made from concrete containing 50 kg of fibre per m 3 . The load step did not change. The load increment was again approximately 75 kN. A change in bending stiffness occurred at 140 kN, as with the previous slab. This is in accordance with the laboratory results, since the transverse tensile strength of both steel fibre-reinforced concrete slabs was very similar. The damage was again localized in dominant cracks. They grew as the load increased. Another change in the bending stiffness of the slab occurs at 338 kN. The flexural rigidity of the slab begins to decline more significantly, there is also a significant opening of the formed cracks at the bottom surface and a vertical deformation. The load increases up to 550 kN. Vertical cracks which propagated from the bottom edge spread in the final phase of the load over the entire slab thickness. The collapse of the concrete slab occurred when a shear crack emerged, running from the load plate at an angle of 45-60°. The loading and deformation curves are shown in Fig. 20 and 21 . The last slab G04 intended for the load test was made from concrete containing 75 kg of fibre per m 3 . The load step did not change and the load increment was 75 kN. A significant change in bending stiffness occurred at the loading of 135 kN. Furthermore, the flexural rigidity of the slab gradually decreases with the increasing number of load steps. At a higher intensity of loading over 483 kN a more significant formation and a propagation of cracks occurs. Cracks are already all over the whole thickness of the concrete slab. Cracks arise also on the upper surface near the load plate. The total bearing capacity is exhausted at 634 kN.
Furthermore, only the deformation grows bigger. Cracks at the edge of the plate show in Fig. 22 . The concrete slab is broken by cracks and still remains compact. Upon completion of the test and the subsequent cutting of the slab into recess it was found that the cause of the collapse was a shear failure and the creation of the shear cone in the area around the load plate. The angle was approximately around 45%. The loading and deformation curves are shown in Fig. 23 and 24 . Cracks in the center slab show in Fig. 25 . The resulting values of the slab bearing capacity are summarized in Table 14 . The bearing capacity slab values are for steady state pressure. Table 14 includes also maximal peak loads and numerical results.
Numerical modelling
The experimental programme was followed by numerical modelling. The object of the numerical modelling was the concrete slab on site, for which the data from the laboratory tests was used for the input parameters of the concrete. The aim of the numerical modelling was to determine the total bearing capacity of the slabs, including the manner of failure and collapse.
3D computing models and nonlinear analysis were used for the numerical modelling. There are numerous approaches to the nonlinear analysis of concrete structures. In the case of steel fibre-reinforced concrete, two options are often used. The first approach is based on the fact that the effect of reinforcement fibres is taken into account directly in the concrete material model using input parameters. The second possibility is that the concrete and fibres are modelled separately. This approach is chosen for the following analyses. The approaches to modelling reinforcement are described in [36] . When selecting a constitutive model of concrete, the basic approaches to nonlinear analysis included in the Model Code 2010 [6] were taken into account. Specifically, a chosen constitutive model of the concrete is based on fracture-plastic theory. Specifically, the computing system ATENA [37] was used and the option 3D Non Linear Cementitious 2 [38] was chosen from the library. The 3D computing model itself covered all essential parts of the load test. This was a concrete slab, steel load plate and subsoil. The finite element mesh is regular shape and is formed with cubic finite elements. The regular mesh of finite elements is formed by a generator. Subsoil area size in the 3D computational model was 10 m × 10 m and depth 4 m. The size of the edge of the finite element is between from 0.25 to 0.5 m. Basis value of soil elasticity module is mean value E def,1 and E def,2 . 3D computing model consists of isoparametric finite element [37] with 8 integration points. Modelled subsoil has eight layers of finite elements. The size of solved area and 3D computing model was chosen based on previous calculations and computational requirements. The size of solved area affects the results deformation and bearing capacity of slab. Smaller effect is case bearing capacity of slab. Approaches for selecting parameters for a given task can be found in the article [39] . Single nonlinear analyses were counted 6-8 hours.
The finite element mesh is visible in the graphic chart in Fig.  26 . The contact between the slab, subsoil and distribution plate was firm. To solve the nonlinear equation system the NewtonRaphson method was chosen. The load was induced by the deformation. The task can be solved symmetrically. The 3D computing models were however used. The calculation was also made for the 3D computing model. For the input parameters of the concrete model the following data from the laboratory tests was used: compressive strength, transverse tensile strength and the fracture energy of the threepoint bending test with a notched beam. Determining the input parameters was based on the recommendations in [37] . For fibres, the model of the spread reinforcement and the input parameters listed in Table 1 were used. The visualization concrete slab of the calculation model is shown in Fig. 27 .
The calculation itself included four variants according to the reinforcement of the slab. The resulting values of the total bearing capacity for the individual variants are presented in Table 14 .
In Fig. 28, 29 and 30 , it is possible to see the development of cracks or stress in the selected slab model G01 and G03. The resulting development curve of cracks and the final collapse correspond to the actual behaviour of the concrete slabs. 
Summary of results
The presented experimental programme provides a comprehensive set of laboratory tests and load tests of the actual concrete slabs. In the case of the chosen variant of steel fibrereinforced concrete, the positive effect is already evident in the basic types of laboratory tests. Typically, it is the determination of compressive strength and transverse tensile strength. However, the possibility to determine the relationship between the degree of reinforcement and compressive strength is limited. This requires a broader set of samples and additional information. The compressive strength is also very sensitive to the position and orientation of the fibres.
From the evaluated pressure tests it is possible to state that the same relations as for plain concrete can be used to convert the cubic and cylindrical strength. In the sample test this was specifically 0.83. The increase in compressive strength in concrete with the fibres is in the range few percent.
In the case of the test in the transverse strength the properties improved typically by about up to 50%, i.e. from 2 MPa to 3 MPa. The differences between the results of reinforced samples were small, however. This corresponds well with the concrete slab testing where the first cracks, affecting the bending stiffness of slabs, typically occurred at about 140 kN. Tests in transverse tensile strength do not provide a detailed description of the further behaviour of damaged concrete. For this purpose a number of three-point and four-point bending tests were used. Four variants, which are the most commonly used, were selected within the experimental programme. This enabled a broader view when evaluating and setting the basic ratios between tests. The detailed results are shown in Table 14 . The most important material properties which are necessary for a more detailed numerical modelling of steel fibre-reinforced concrete structures include the determination of fracture energy from the LD diagrams. Given the potential of the test equipment an evaluation for the deformation of up to 5 mm and 8 mm was conducted. The deformation of 5 mm, for example, is set in recommendation TDM162 [8] .
For the sake of completeness, the ratio of the fracture energy was also determined. Here is the typical ratio from 1.3 to 1.5. To determine the maximum load and fracture energy it is possible to use very well established regressive curves.
In the load testing of concrete slabs, the influence of fibres on the overall bearing capacity and the manner of failure was clearly demonstrated. The most important influence on the slab bearing capacity was shown after adding 25 kg of fibres per m3. The bearing capacity increased by 61% (182 kN). In other cases of fibre-reinforced slabs is increase of bearing capacity smaller. The bearing capacity increases by 86% (286 kN) for concrete slab with 50 kg of fibres per m 3 and 114% (338 kN) for concrete slab with 75 kg of fibres per m 3 . However, fibres have a significant influence on the ability to transform and maintain compact even damaged concrete.
Conclusions
The research presents the results of a comprehensive series of laboratory tests and tests on real concrete slabs. The object of the research is to evaluate the possibility of using steel fibrereinforced concrete slabs on the ground and to determine the material properties of concrete, depending on the degree of reinforcement. This experimental programme is also complemented by a numerical modelling of concrete slabs with the input parameters of concrete use data from laboratory tests. The set of laboratory tests makes possible a complete viewpoint of the material properties which may be used in the cases of advanced modelling and nonlinear analysis of concrete structures. Overall, the laboratory tests involved eight variants.
New knowledge about the properties of the material can be used or applied to similar tasks, especially in the case of the nonlinear analysis of concrete structures. These findings could be further developed as follows:
• The actual effect of fibre concrete reinforcement on compressive strength of the selected concrete mix and the type of wire is in the range of only a few percent. The results of the compressive strength are significantly affected by the position and orientation of the fibres. For the conversion of cubic and cylindrical strength the relationship for plain concrete can be used. • In the case of the transverse tensile strength the fibre reinforcement influence on concrete is significant. The transverse tensile strength is typically increased at all degrees of reinforcement by around 50%.
• For a more comprehensive description of the material properties of steel fibre-reinforced concrete, it is necessary to use a three-point and four-point bending test. With these tests it is subsequently possible to determine the detailed description of the material properties. These include tensile and flexure fracture energy.
• In bending tests, regression trend lines are introduced for the maximum load and fracture energy depending on the degree of reinforcement. Determined regression curves correlate very well with the measured data.
• A more complete description of this composite is very suitable for the design and analysis of a modern progressive design which uses nonlinear analysis.
• Numerical models allowed a simulation of the actual damage of the structure and the determination of the total bearing capacity.
